A novel method for electrostatic potential measurements at the interface is described. It involves placing a two-dimensional grid below the sample and observing it in a scanning electron microscope. Primary electron beam displacement, caused by surface charges, can be then measured for every grid knot. Using geometric parameters of the setup, a quantitative mapping of the potential can be extracted. It is shown that this method can achieve a tens of millivolt sensitivity and a submicron spatial resolution in electrostatic potential measurements.
I. INTRODUCTION
A scanning electron microscope ͑SEM͒ is a versatile tool widely used for material observation mainly through the secondary electron emission process. It was shown that the emission sensitivity to the material work function can be used to obtain electrostatic potential distribution inside doped semiconductor devices. 1 A higher spatial resolution, though, can be achieved in a transmission electron microscope ͑TEM͒ using off-axis electron holography. 2 With this method, a two-dimensional potential distribution inside a 0.18 m transistor was shown. 3 However, whether it is a secondary emission process or a phase shift in the transmitted beam, these methods require a substance for the signal generation. On the other hand, electric field strength in the vicinity of a material was obtained for a tungsten emitter inside a TEM. 4 It was recently shown that this method is also feasible for a SEM, limited, however, to a high extraction bias of more than 200 V. 5 In this article, a method for the two-dimensional electrostatic potential mapping at the interface with a sensitivity down to tens of millivolts and a resolution in the submicron range is described. Sample surface was charged with a primary electron beam and the electric potential distribution of this charge was measured in a SEM. Quantitative analyses of the technique as well as its limitations are discussed. Possible applications of this method include the investigation of surface structure electric properties and the direct visualization of the potential distribution inside gaps. In addition, charges on the surface can also be detected and quantitatively evaluated by this technique.
II. EXPERIMENTAL DETAILS AND RESULTS
We used a scanning electron microscope JSM 7000F with a thermal field emission gun ͑JEOL͒. A high beam current generated by this machine was found advantageous for the charging used in the experiment. A copper mesh with a 12.5 m pitch and a square grating replica with 2000 lines/mm ͑Oken Shoji͒ were employed as a reference. Samples were prepared from a silicon-on-insulator ͑SOI͒ wafer with a 1-m-thick dioxide layer and a 6-m-thick top silicon layer ͑E&M Corp.͒. The thickness of the latter was tailored by the reactive ion etching process using SF 6 gas ͑ULVAC CE-3001͒. Prior to the observation chip edges were polished by a set of diamond lapping films with the finest film of ϳ0.3 m grade. The sample was usually inclined several degrees to make the grid visible for the deflected primary beam ͑cf. Fig. 3͑a͒ . In this experiment, a SOI chip with a ϳ120 nm Si top layer was observed. Reconstructed potential distribution is shown in Fig. 3͑b͒ , where a spline smoothing was applied to the extracted 119 knot values of the electrostatic potential.
For a low energy primary beam ͑here = 1000 V͒, the secondary electron yield in SiO 2 is relatively high: ␦ Ϸ 3. 6 The local charge balance in the sample consists of the incoming electrons on the one hand and the backscattered, secondary, and leaked to the ground electrons on the other. When the latter prevails the net charge Q becomes positive, a͒ Electronic mail: sychugov.ilya@nims.go.jp
where is a backscattered electrons coefficient, I beam is a primary beam current, and I drain is a current to the ground.
Thus high values of the secondary electron yield of SiO 2 can be used for controllable local charging. For that, first, an area at the sample edge was zoomed in and the beam was left scanning for some time. Then the beam was scanned over a larger area to record beam displacement D due to the induced charge Q ͑Fig. 1͒. Such a process of local charging with subsequent larger scale observation was used, for example, in dielectric flashover studies 7 and sometimes referred to as an electrostatic mirror. 
III. DISCUSSION
We consider interaction of the primary beam with the induced charge Q as a single scattering event similar to that of Rutherford scattering. An impinging electron with impact parameter b and energy has its trajectory deflected by the angle , such that
where k is Coulomb constant. Using trigonometric formulas and the fact that the sample-grid distance much larger than Then the electric potential can be expressed as
Thus, knowing the primary beam energy and the samplegrid distance L, it is possible to obtain electric potential values by simply measuring the beam displacement D ͓calcu-lation results are shown in Figs. 2͑b͒ and 3͑b͔͒ . The smallest extracted value of the potential from Fig. 3͑a͒ is ϳ20 mV, corresponding to the minimal measured beam displacement of ϳ60 nm, roughly a one-tenth of the pitch size.
To measure the beam displacement clearly the grid and the sample need to be in focus simultaneously. In other words, two nearest grid knots need to be resolved while the sample is not completely out of focus yet. From the SEM geometry one can express the depth of focus DF through the microscope objective lens aperture diameter A and the working distance WD as a function of the desired pixel size, which is here the grid pitch size P
And the sample-grid distance L should be within this range: L Ͻ DF. This condition puts a practical limit on the highest spatial resolution achievable with this method. While a finer grid with a smaller P is readily available, it inevitably restricts usable sample height. Here, for example, in order to have the grid with a 0.5 m pitch in focus the sample had to be polished down to 300 m ͓cf. Fig. 3͑a͔͒ . At the same time for the grid with a 12.5 m pitch, a 5 mm sample-grid separation still allows simultaneous observation ͓Fig. 2͑a͔͒.
In Fig. 3͑b͒ , at the left bottom part, the region of negative values for the potential y-component y is shown. These values were obtained from the displacement y-component D y in the same way as potential absolute values from the measured displacement D. A change in the sign of y implies a transition from the positive to the negative sign of the charge Q on the sample. This effect can also be noticed in Fig. 2͑a͒ for the lowest left grid knot. We suggest that the area close to the intentionally charged region can accumulate electric image charge, sufficient for the measurable primary beam displacement.
In Fig. 4 we show results of the numerical simulation of the potential distribution ͓Fig. 4͑a͔͒ for a given surface charge profile ͓Fig. 4͑b͔͒. The results were obtained by solving a two-dimensional ͑2D͒ Poisson equation using a finite element method. Obtained charged distribution represents the equivalent linear charge at the interface. Although in the present experiment the charged area had some depth and this representation is only an approximation, for the charges distributed on the sample surface the result would be more straightforward. Indeed, it is seen that the negative charge around the main area is necessary to obtain potential distribution similar to the experimentally measured ͑Fig. 3͒. A mismatch in the isopotential curves for smaller potentials can be attributed to the uncertainty of the small displacement measurement.
The electron beam charging as a method for the electrostatic potential excitation was chosen here merely for convenience. In general, a separate electric excitation can be used just as well, not limiting measurable systems to the ones with insulating parts. On the other hand, with this particular method a surface structure response to the electric field can be directly visualized in a SEM.
IV. CONCLUSION
We have introduced a method for the mapping of the electrostatic potential at the interface in a scanning electron microscope. A SOI chip edge was charged by the beam and changes in the adjacent beam trajectories hitting a grid target were recorded. Experimentally measured beam displacement values were recalculated to the electrostatic potential using a Rutherford scattering model. It is shown that a mapping with a sensitivity of tens of millivolts and a submicron spatial resolution can be achieved by this method. 
